INTRODUCTION
Nonpathogenic foamy viruses (FVs) have several advantages over other retroviruses as gene therapy vectors. FV vectors have a large packaging capacity and broad host and cell-type tropism, and the cDNA of the viral genome is synthesized prior to infection, resulting in vector stability in nondividing cells. 1 The integration preference of FV vectors is distinct from those of other retroviral vectors.
2,3 FV DNA can enter the nucleus of G 1 /S-arrested cells, but no virus replication occurs. 4 FV vectors can efficiently infect G 0 -arrested cells if they are capable of eventual cell division. The FV genome can persist in a stable form in growth-arrested cells and can integrate into the host genome when cells exit G0. 1, 5 Despite having good features as a gene therapy vector, the low titer of FV poses a major challenge for large-scale gene therapy. 6 Therefore, improving titer is an important priority in FV vector research. For high-titer vector production, the packaging cells should be transfected at the highest possible level with vector plasmids, the gene transfer vector must produce large quantities of vector genome, and the packaging genes should produce optimal amounts of proteins to form the virus particles.
Hematopoietic stem cell (HSC) gene therapy is beneficial for patients with severe combined immunodeficiency (SCID). 7, 8 However, gene transfer of HSCs with Moloney murine leukemia virus (MLV) vectors have caused genotoxicity in some patients because of activation of proto-oncogenes, thereby limiting the clinical use of these vectors. 9, 10 Human immunodeficiency virus (HIV)-derived self-inactivating lentiviral vectors (LVs) pseudotyped with vesicular stomatitis virus (VSV)-G have proven effective in some clinical trials. 1112 Several preclinical gene therapy studies using FV vectors in mice, dogs, and human cells have shown variable transduction and engraftment of cells. 3, 13, 14 Because transduction of human-mobilized peripheral blood CD34 + cells with FV and LV vectors has not been compared in new NOD/SCID Gamma (NSG) mice, we investigated whether our vectors are more efficient in transducing and engrafting human HSCs.
Viral vectors may activate proto-oncogenes via transactivation by vector enhancers or read-through transcription from vector promoters or by integration within tumor suppressor genes that may inactivate their functions. Uncontrolled clonal growth of cells due to proto-oncogene activation or tumor suppressor gene inactivation by viral vectors has prompted efforts to decipher vector-host genome interaction. 15, 16 Analysis of vector integration sites by linear amplification-mediated (LAM)-PCR and high-throughput nextgeneration sequencing has greatly improved the retrieval of information regarding integration sites, with the goal of determining the clonal repertoire of analyzed samples. [17] [18] [19] Paired-end reads can increase the accuracy of the sequence reads by precise alignment of the data generated by sequencing both ends, thereby improving the mapping of the integration site. Received 29 November 2013; accepted 9 April 2014 Foamy virus (FV) vectors are promising tools for gene therapy, but low titer is a major challenge for large-scale clinical trials. Here, we increased FV vector titer 50-fold by constructing novel vector plasmids and using polyethylenimine-mediated transfection. FV and lentiviral (LV) vectors were used separately to transduce human CD34 + cells at multiplicities of infection of 25, and those cells were transplanted into immunodeficient mice. FV vector transduction frequencies of repopulating human cells were 37.1 ± 1.9% in unstimulated cells and 36.9 ± 2.2% in prestimulated cells, and engraftment frequencies were 40.9 ± 4.9% in unstimulated cells and 47.1 ± 3.3% in prestimulated cells. Engraftment frequencies of FV vector-transduced cells were significantly higher than those of LV vector-transduced cells. Linear amplification-mediated PCR with Illumina paired-end runs showed that all human chromosomes contained FV provirus. FV had an integration preference near transcriptional start sites and CpG islands of RefSeq genes but not within genes. Repopulating lymphoid and myeloid cells contained common integration sites, suggesting that FV vector could transduce multilineage hematopoietic stem/progenitor populations. 
ARTICle
In this study, we successfully increased FV vector titer by constructing novel vector plasmids and using polyethylenimine (PEI)-mediated transfection. 20 FV vectors were used to transduce human-mobilized peripheral blood CD34 + cells that were engrafted into immunodeficient mice. In addition, FV vector integration sites in SCID-repopulating cells were analyzed using LAM-PCR with Illumina paired-end runs.
ReSUlTS
Modification of FV vector plasmids and transfection FV vector was produced in 293T cells by transient transfection using the calcium phosphate method and a 4-plasmid system comprising genes encoding FV gag, pol, and env, and the gene transfer vector. The unconcentrated titer of the original FV-green fluorescent protein (GFP) vector was 2.0 ± 0.03 × 10 5 transducing units (TU)/ml in HT1080 cells ( Figure 1a , left bar), similar to that previously reported. 6 FV gene transfer vector plasmids were modified such that they would contain improved regulatory elements (see Supplementary Figure S1a , bottom), as used in our high-titer LV vector system. 21 The transcriptional regulatory elements used in the original FV packaging gene plasmids seemed suboptimal for high-titer vector production (see Supplementary Figure S1b , top). Therefore, FV gag, pol, and env genes were cloned into either the pHDM (see Supplementary Figure S1b , middle) or pCAGGS plasmid backbones (see Supplementary Figure  S1b , bottom). Studies have indicated that these plasmid systems are superior in expressing viral genes to achieve higher vector titers. 21 Thirty of 54 potential different combinations of FV original and modified gene transfer and packaging gene plasmids were used to optimize FV vector production (see Supplementary Figure S1c ). Calcium phosphate-mediated transfection with our modified FV gene transfer and pHDM-env plasmids, coupled with the original gag and pol plasmids yielded the highest titer, 5.1 ± 0.06 × 10 5 TU/ml (2.5-fold increase; see Supplementary Figure S1a Polyethylenimine (PEI)-mediated transfection led to a 10-fold increase in vector production 20, 22 (J. Roy and J. Neil, personal communication). We used PEI to transfect 30 of 54 potential different combinations of FV original and modified gene transfer and packaging gene plasmids in 293T cells (see Supplementary Figure S1d ).
An unconcentrated FV-GFP vector titer of 1.1 ± 0.02 × 10 7 TU/ml ( Figure 1b, middle bar) , approximately 50-fold higher than that of the starting titer, was obtained using the modified FV-GFP gene transfer vector and pHDM-env coupled with original gag and pol packaging gene plasmids. When pCAGGS-env was used in place of Percentages of GFP + cells from the NSG mouse bone marrow were analyzed. 23, 24 In unstimulated groups of cells, FV and LV vectors had similar levels of lymphoid populations (56.9-60.3%; Figure 3c FV vector integration pattern in the human genome Genomic DNA from FV vector-transduced repopulating human lymphoid and myeloid cells from 12 mice and untransduced human cells from 7 control mice were used to generate high-throughput FV vector integration sites. LAM-PCR products were used in Illumina paired-end runs, and vector integration sites were generated by analyzing the human genome-mapped sequence clusters. Only paired-end reads containing the 3′ long terminal repeat (LTR) and linker sequences (with intact sites for MluCI, MseI, or NlaIII) of at least 30 bp of human genomic sequences that uniquely aligned were used for analysis. The overlapping integration sites among samples were considered as a single site, and 83 integration sites (possibly endogenous FV-like sequences or cross-contamination of samples) identified in untransduced samples were excluded from FV vectortransduced samples. We identified 799 unique FV vector integration sites (see Supplementary Table S1 ), which were compared with three size-matched sets of 799 computer-generated random sites. FV vector proviruses were found throughout the human chromosomes (Figure 5a) .
FV vector had a higher preference for integration near the transcription start sites than at random sites. The frequency curve of FV vector integration sites was bell-shaped relative to that of the transcription start sites. The percentages of FV vector integration sites were the highest 2 kb upstream of the transcription start sites (Figure 5b ). CpG islands are found near promoter regions that regulate transcription. 25 FV vector had a higher preference for integration near CpG islands than at random sites (Figure 5c ), which is consistent with the frequency of FV vector integration near the transcription start sites. When RefSeq genes (NCBI Reference Sequence database) were divided into 10 segments and analyzed for FV vector integration sites, they showed a higher preference for targeting the first segment (5′ end) of the RefSeq genes than other segments (Figure 5d) .
To decipher the pattern of integration into the genes, the percentages of FV vector integration sites within the RefSeq genes were analyzed. FV vector did not show a higher preference to integrate within genes (40.1 versus 45.4%; P = 0.034), in either exons (3.1 versus 2.8%; P = 0.77) or introns (36.9 versus 42.7%; P = 0.021), than at random sites ( Table 1 ). The frequency of FV integration sites was higher in the upstream region (33.9% versus 20.4%; P = 1.53 × 10 −9 ) but not in downstream region (24.8 versus 20.0%; P = 0.026) of genes than that of random sites (Table 1 ). These data suggest that FV vectors do not preferentially target genes during integration. However, we observed clustering of FV vector integration sites, which were quantified by measuring the distances between the neighboring integration sites (see Supplementary Figure S5a ) and the number of hotspots, containing three integration sites in different-sized regions compared to random sites (see Supplementary Figure S5b) . The list of regions in a window size of 50 kb with three closest integrants was shown (see Supplementary Table S2 ). These results are consistent with the previous study. 2 We analyzed the common integration sites between lymphoid and myeloid populations. Approximately 10% of the integration sites were common between lymphoid and myeloid populations, suggesting that the FV vector can transduce HSC and progenitors of multi-lineage potential ( Figure 6 ).
DISCUSSION
Although Patton et al. 20 has initially reported the FV vector production by PEI, they did not clearly mention the FV vector titers. Largescale clinical grade vector production is a major challenge in gene therapy clinical trials, necessitating the development of high-titer FV vectors. 3 We increased FV vector titers 50-fold by systematically modifying and optimizing the FV vector plasmids and transfection methods.
PEI-mediated transfection of FV plasmids into 293T cells significantly increased the titers over those achieved with calcium phosphate. PEI has a high cationic charge density at physiological pH due to partial protonation of the amino groups in every third position. These amino groups form noncovalent complexes with negatively charged DNA, which leads to condensation and shielding of their negative charges, thereby allowing endocytosis into the cell. 22 PEI has the ability to avoid trafficking to degradative lysosomes, and its buffering capacity leads to osmotic swelling and rupture of endosomes, resulting in the release of the vector particles into the cytoplasm. 26 Adult HSCs are more difficult to culture ex vivo than cord blood HSCs. In addition, most cells are quiescent and are difficult to transduce with viral vectors. [27] [28] [29] [30] Interestingly, cells that are quiescent when exposed to FV vectors can become transduced when they divide. 5 In our study, higher doses of FV vector transduced both unstimulated and prestimulated cells in similar efficiency (37.1 ± 1.9% and 36.6 ± 2.2%; P=0.86). A study using the transplantation of human CD34 + in a murine xenograft model showed that FV vector transduction frequencies were 26.1-42.2% in bone marrow, peripheral blood, and spleen cells.
14 Two preclinical studies of dog models showed that FV vector transduction frequencies were 5-10% and 13-19% in peripheral blood cells. 3, 13 The variation of FV transduction may be due to the sources of CD34 + cells, vector doses, transduction conditions, or variation of viral receptor in cells.
When human CD34 + cells were transduced with our hightiter FV vectors, the engraftment frequencies were 40.9 ± 4.9% in unstimulated and 47.1 ± 3.3% in prestimulated cells. Several studies have reported variable frequencies of engraftment of FV vectortransduced cells. 3, 13, 14 We have obtained less engraftment of LV vector-transduced cells than FV-transduced cells in NSG mice may be due to the toxicity of VSV-G envelope of LV vector to CD34 + cells at high doses. 31 We used different cell lines for FV vector (HT1080) and LV vector (293T) titer estimation, which causes apparent variability LAM-PCR is dependent on the choice of the restriction enzymes, which is crucial for the performance of vector integration site analysis. However, the application of various enzymes with distinct restriction motifs is mandatory to reveal the majority of integration site repertoire. 17 Even the combinatorial use of different enzymes that cleave at the highest frequency may not necessarily allow identification of the complete integration site pool present in a transduced sample, because some integration sites occur either too close to or too far from any specific restriction enzyme site, resulting in fragments that are too small to resolve or, alternatively, too long to be amplified, thus limiting the analysis to a subset of clones in a mixture. 32 We identified 799 unique FV vector integration sites from 12 mice. The FV integration pattern appeared oligoclonal in human repopulating cells. The FV vector integrated preferentially near the CpG islands and transcription start sites but not within genes of human chromosomes. In a preclinical gene therapy study in dogs, FV vectors showed a lower integration preference for transcription start sites than did MLV vectors. 3 MLV vectors have a strong affinity to integrate near transcription start sites. 33 Although MLV and FV vectors have similar integration profile, the FV vector is not associated with clonal expansion and malignancies in dogs 4 years after transplantation. 34 In contrast, transduction of cells with MLV-based vectors has caused genotoxicity through integration of the provirus near oncogenes in the host genome and their subsequent activation. 9, 10 FV vectors have a low potential for causing insertional inactivation of tumor suppressor genes because they do not preferentially target genes, which may reduce the risk of deleterious complications arising due to alteration or loss of protein function. The LV vectors show a strong affinity to integrate within actively transcribing genes, which may increase the risk of insertional inactivation of genes. 12, 35 In our in vivo study, 4.3% of FV vector integration sites were found within 50 kb of proto-oncogenes, which is consistent with findings of the dog study. 3 In an in vitro study, 4.4% of FV vector integration sites were found around proto-oncogenes, compared with 6.7% for LV and 7% for MLV vectors. 2, 36 However, none of the integration sites were found near the oncogenes such as LMO2, EVI1, or HMGA2 (see Supplementary Table S3) .
Our FV vector system consistently gives high titers, making it a valuable tool for large-scale gene therapy. In addition, our vector transduction and integration site analysis protocols will be useful for future gene therapy clinical trials.
MATeRIAlS AND MeTHODS

Construction of FV gene transfer and packaging gene plasmids
Self-inactivating FV gene transfer vector plasmid, p∆Φ (delta phi)-GFP and packaging gene plasmids pCIGS∆ψ (gag), pCIPS (pol), and pCIES (env) 20 were provided by Dr. David Russell (University of Washington, Seattle, WA). All plasmids were modified as described (see Supplementary Figure S1a,b) . The original FV gene transfer plasmid p∆Φ-GFP (see Supplementary Figure S1a , top) contains a pBR322 origin of replication, which yielded low amounts of plasmid DNA from bacterial culture. To increase plasmid copy number and yield, the pUC origin of replication was introduced into the backbone of the plasmid (see Supplementary Figure S1a, bottom) . To obtain a better yield of RNA genome of the FV gene transfer vector, a β-globin poly-adenylation [poly(A)] signal was introduced downstream of the 3′ LTR, which is relatively weak due to deletion of the U3 region (see Supplementary Figure S1a , bottom). In addition, an SV40 origin of replication was introduced into our modified FV gene transfer vector plasmids. SV40 T antigen of 293T cell interacts with SV40 origin of replication of vector plasmid and increases the copy number of plasmid in transfected cells. We also modified the original FV packaging gene plasmids (see Supplementary Figure S1b , top). The pHDM plasmid (a gift from Dr. Richard Mulligan, Harvard Medical School, Boston, MA) has a cytomegalovirus (CMV) enhancer-promoter with a 5′ untranslated region, a β-globin intron to transcribe the gene of interest, and a β-globin poly (A) signal to terminate the transcription (see Supplementary Figure S1b , middle). The pCAGGS plasmid has a CMV enhancer with a chicken β-actin promoter, a β-globin intron to transcribe the gene, and a β-globin poly(A) signal to terminate the transcription (see Supplementary Figure S1b , bottom). pCIGS∆ψ (gag), pCIPS (pol), and pCIES (env) were cleaved with NotI, and the corresponding gene was excised and cloned into the multiple cloning site of pHDM or pCAGGS plasmid. In addition, an SV40 origin of replication was introduced in all of the modified packaging gene plasmids.
FV vector production, concentration, and purification
The human embryonic kidney cell line 293T and the human fibrosarcoma cell line HT1080 were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, San Diego, CA) supplemented with 10% fetal bovine serum, 2 mmol/l l-glutamine, 1 mmol/l sodium pyruvate, 1 mmol/l nonessential amino acids, and 1% penicillin-streptomycin.
FV vectors were produced by calcium phosphate-mediated transient transfection 37 with 12 µg of gene transfer vector, 12 µg of gag vector, 1.6 µg of pol vector, and 0.75 µg of env vector in a 10-cm cell culture dish. Before adding the transfection reaction mixture, cells were treated with 25 µmol/l chloroquine (Sigma-Aldrich, St Louis, MO), and 4-6 h after transfection, cells were treated overnight with 500 µmol/l sodium butyrate (Sigma-Aldrich). The next day, transfection medium was replaced with growth medium. The viral supernatant was harvested 3 days after transfection. 6 FV vectors were also produced by PEI (Polysciences, Warrington, PA)-mediated transient transfection. 20 Briefly, 12 µg of gene transfer vector, 12 µg of gag vector, 1.6 µg of pol vector, and 0.75 µg of env vector were dissolved in 400 µl of DMEM in an Eppendorf tube. To the plasmid DNA in DMEM, 60 µl of 1 mg/ml PEI was added dropwise while vortexing the tube. After 15 minutes, the reaction mixture was added dropwise to the cells in a 10-cm dish. The viral supernatant was harvested 3 days after transfection. 38 FV vector supernatant was clarified by low-speed centrifugation, and fresh supernatant was directly used for transduction of the target cells or concentrated at 50,000 g in a Beckman SW28 rotor for 2 hours at room temperature. The vector supernatant was frozen in 5% dimethyl sulfoxide and stored at −80 °C. Vector was thawed, and dimethyl sulfoxide was removed by Viva Spin 20 (300k MWCO; Sartorius, Göttingen, Germany) before use.
Titers of the FV vector preparations were estimated after transduction of HT1080 cells and mentioned as transducing units per milliliter (TU/ml). 6, 38 HIV-based VSV-G pseudotyped LV production HIV-based VSV-G pseudotyped LV vector production was described elsewhere. Titers of the LV vector preparations were estimated after transduction of 293T cells and mentioned as TU/ml. 21 Transduction and transplantation of human CD34 + cells
The protocol for collecting CD34 + cells from human donors was approved by the St. Jude Children's Research Hospital's Institutional Review Board, and the studies were conducted in accordance with the Declaration of Helsinki. Mice studies were approved by the institutional animal care and use committee. A schematic diagram for transduction and transplantation of human CD34 + cells is shown (see Supplementary Figure S2 ). Granulocyte colony-stimulating factor-mobilized human CD34 + cells were harvested from peripheral blood mononuclear cells of healthy donors. Fresh CD34 + cells were cultured in X-Vivo 10 (Lonza, Allendale, NJ) or Stemline serum-free expansion medium (Sigma-Aldrich) containing 1% penicillin-streptomycin and l-glutamine. A cytokine mixture consisting of 100 ng/ml human stem cell factor, 100 ng/ml human thrombopoietin, and 100 ng/ml human FLT3 ligand (Cellgenix, Freiburg, Germany) was used for 10 6 cells/ml. Two transduction conditions were used in our studies. In the first condition (unstimulated), cells were not cultured for 24 hours. Cells were transduced in RetroNectin (Takara, Shiga, Japan)-coated plates (100 µg/ml) in growth medium overnight with concentrated FV-GFP or LV-GFP vectors at an MOI of 25. For LV transduction, 4 µg/ml protamine sulfate was added to the culture Md Nasimuzzaman et al. 
Flow cytometry analysis of repopulating human cells
Sixteen weeks after transplantation, bone marrow cells were collected from experimental mice. Red blood cells were lysed. Cells were blocked with normal mouse IgG and stained with mouse antihuman CD45-APC, mouse antihuman CD15-PE, mouse antihuman CD19-PE-Cy7 (BD Biosciences, San Diego, CA), and mouse antihuman CD33-RPE (Dako, Carpinteria, CA) for 30 minutes. After washing, one portion of cells was used for flow cytometry analysis, and the other portion was sorted into myeloid (CD33/15) and lymphoid (CD19) populations. The sorted myeloid and lymphoid cells were 99% pure. Cells were also stained with mouse antihuman CD45-APC and mouse antihuman CD34-PE and were analyzed separately. The data were analyzed using FlowJo software (Treestar Ashland, OR). A schematic diagram of the analysis of repopulating human cells is shown in Supplementary Figure S3 .
Linear amplification-mediated PCR of genomic DNA from repopulating human cells Genomic DNA was purified individually from human myeloid and lymphoid cells engrafted in mice. LAM-PCR analysis was performed as described previously. 17 Vector LTR junction sequences were amplified by linear PCR using 300 ng of genomic DNA, vector LTR-specific 5′ biotinylated primer, 5′-AGAACCTTGTGTCTCTCATCCC-3′, and PCR master mix. DNA was denatured at 94 °C for 5 minutes, followed by 50 cycles of amplification (94 °C for 45 seconds, 60 °C for 45 seconds, and 72 °C for 60 seconds), and a final extension at 72 °C for 10 minutes. Biotinylated PCR products were bound to streptavidin-conjugated magnetic beads overnight with mild shaking. After washing, double-stranded DNA was synthesized using a random hexamer (Invitrogen) and DNA polymerase I large fragment (NEB, Ipswich, MA). DNA was digested with MluCI, MseI, and NlaIII (NEB) and ligated to restriction enzyme-specific double-stranded linkers using the Quick Ligation Kit (NEB). DNA was denatured with 0.1 N NaOH and was PCR-amplified using LTR-and linker-specific primers (first nested PCR primer of LTR, 5′-ACCTCCTTCCCTGTAATACTC-3′, and primer of linker, 5′-GCACTCGTGCTCGACTGATAC-3′; second nested PCR primer of LTR, 5′-CCTGGTTTCTAGTGGCATTC-3′ and primer of linker, 5′-CCGTCGTATCGTAGCACAG-3′). A schematic diagram shows the LAM-PCR analysis (see Supplementary Figure S4 ).
Illumina high-throughput sequencing and FV vector integration site analysis in the human genome PCR products were ligated to the index adapter oligonucleotide mix and resolved in a 2% agarose gel. DNA fragments of 300-500 bp were excised and amplified according to the protocol of the Illumina (San Diego, CA) sample preparation kit. The quality of the DNA samples was analyzed by using Agilent DNA 1000 gel electrophoresis and PCR analysis. Samples were denatured and loaded into an Illumina Miseq personal sequencer by using DNA chips. The adapter sequences were trimmed from the reads. The paired-end reads were aligned with the FV LTR sequence and the linker sequence specific for MluCI, MseI, or NlaIII. Paired-end reads with both LTR and linker sequences containing at least 30 nucleotides of human genomic DNA sequence were uniquely aligned to a human reference genome (UCSC assembly hg19, GRCh37, February 2009) using CLC Genomics Workbench v5.1 (CLC Bio, Denmark). The viral integration sites were established on mapped clusters with at least 10× reads coverage plus 1% of total sample reads and confirmation of the restriction enzyme site on the opposite end of paired-end read from the integration sites. As a control, three size-matched sets of 799 random sites were created by computer simulation using the following criteria: (i) the DNA sequences must be in a range of 30-100 nucleotides in length containing one of the three restriction enzyme sites, outside of the sequences, in a window of 300 nucleotides upstream or downstream of the sequence, (ii) the sequences must be uniquely aligned to the human genome, and (iii) the random sites were selected at one end of the sequences that is farther away from the nearest restriction enzyme site.
Statistical analysis
Statistical analysis was done using the Student's two-tailed t-test to determine statistically significant differences between mean values of data sets using Microsoft Excel (Microsoft Corporation, Redmond, WA) and GraphPad Prism (GraphPad, San Diego, CA), and a P value of ≤ 0.05 was considered statistically significant. A two-tailed Fisher's exact test was used to compare differences between FV vector integration sites and random sites, and a P value of ≤ 0.01 was considered statistically significant.
